metric spindle positioning remain unresolved. First, all models propose that asymmetric microtubule forces are generated by greater G protein activity at the posterior than at the anterior pole of the zygote, but it remains unclear how such asymmetric G protein activity is generated. Second, alternative models have been proposed in which either a G␣·GDP/GPR complex or G␣·GTP is the active G protein species that promotes microtubule forces, but it remains to be established which of these species are actually generated and active (Colombo et al., 2003; Gotta et al., 2003; Srinivasan et al., 2003) . Third, the mechanism by which an active G protein controls microtubule forces is unknown.
We show here that an RGS protein, RGS-7, controls asymmetric movements of the mitotic spindle. RGS-7 affects force on the anterior but not the posterior spindle pole, suggesting that it is a source of asymmetric G protein function. In vitro, RIC-8 promotes GTP binding by G␣ o , while RGS-7 acts as a G␣ o GTPase activator, demonstrating that G␣ o is present in its GTP bound form mutants for the remaining nine RGS homologs. We isolated animals with deletion mutations targeted to coding sequences for the RGS domains, to coding sequences and then has an essential function in embryonic develupstream of the RGS domain (thus disrupting the readopment. The rgs-7 gene product can also be supplied ing frame upstream), or to promoter sequences (Figure paternally, since some live progeny were produced by 1). Because the RGS domain carries out the G protein mating wild-type males to otherwise infertile rgs-7 muGTPase function of RGS proteins (Popov et al., 1997) , tant homozygotes. we expect that mutations that prevent production of this We sequenced several rgs-7 cDNAs and found that domain should be severe loss-of-function or null alleles.
rgs-7 produces two alternative transcripts with different With the possible exceptions of our deletions for rgs-3 5Ј ends that encode proteins (RGS-7a and RGS-7b) with and rgs-8 (see Figure 1) , we have generated such mutadifferent N termini (Figure 2 Asp residues required for Ca 2ϩ binding and that it coprehealthy, fertile animals. Both rgs-7 mutations were macipitates from homogenates of transfected cells with ternal-effect embryonic lethal, i.e., homozygous mutant certain G␣ proteins. Thus, this C2 domain may bind progeny of heterozygous parents survived to adulthood, directly to G proteins. but themselves produced only dead progeny. For the Both rgs-7 deletion mutations remove most or all of rgs-7(vs92) mutation, 97% of these progeny died as the RGS domain coding sequences: rgs-7(vs92) deletes embryos, while 3% hatched and arrested as L1 larvae RGS domain coding sequences, and rgs-7(vs98) causes (n ϭ 101). The dead embryos produced by rgs-7 mutant a shift in the reading frame upstream of the RGS domain homozygotes mostly arrested after gastrulation and (Figure 2 ). We cannot exclude the possibility that the prior to morphogenesis, but later-staged embryos were mutants produce truncated proteins containing the C2 also seen. These results suggest that the rgs-7 gene product is produced maternally, loaded into oocytes, domain that retain some function. defect has not been seen previously in any mutant. It is very different from the defect in embyros double-RNAitreated to remove GOA-1 and GPA-16 (this treatment is hereafter referred to as G␣ RNAi), which show no rocking movements ( Figures 3E and 3F) . We carried out a quantitative analysis of centrosome movements in wild-type, rgs-7(vs92), rgs-7(vs98), and G␣ RNAi embryos (Table 1) . Events from fertilization to the onset of the first mitosis were similar in wild-type tently (Table 1 ) and is illustrated in the plots shown in Figure 3 (compare Figures 3B and 3D) . rgs-7(vs98) embryos showed defects similar to but weaker than rgs-RGS-7 Mutants Show Hyperasymmetric 7(vs92) embryos (Table 1) . Whereas the vs92 deletion Movement of Mitotic Spindles removes the RGS domain coding sequences from rgs-7 The embryonic lethal phenotype of rgs-7 could result and may represent a null allele, the vs98 deletion refrom misregulation of G␣ o activity in early embryos, leadmoves a region 5Ј to these sequences (Figure 2) , and it ing to defective cell divisions. To test this hypothesis, we is possible that use of cryptic splice sites allows producexamined spindle movements in rgs-7 mutant embryos. tion of some transcripts that can encode functional RGS We found defects in the first cell division and have fodomain-containing protein products. G␣ RNAi embryos cused our analysis on this stage, as the first observable showed defects that were in several respects opposite defects in the mutants are likely to directly reflect the those of rgs-7 mutant embryos ( Figure 3 , Table 1 ). All function of RGS-7. Defects in later cell divisions were spindle movements in G␣ RNAi embryos were reduced, also seen but might have arisen as indirect conseresulting in a symmetrical first cleavage. quences of the earlier defects.
rgs-7 mutant embryos also showed defects after the Events during the first mitotic cell division in wild-type one-cell stage. At the two-cell stage, five out of ten rgs-C. elegans embryos are highly reproducible ( other G protein signaling components that control spindle positioning, we analyzed the effect of removing RGS-7 by mutation in embryos that had been treated with RNAi to remove G␣ or its activators. In control embryos with no RNAi treatment (using the same genetic background as for the experimental embryos), removal of RGS-7 increased rocking movements of the posterior centrosome ( Figures 5B and 5C ). RNAi inactivation of G␣ or any of its activators resulted in reduced posterior centrosome movements and the complete absence of posterior centrosome rocking ( Figures 5D-5G, upper panels) . Mutation of rgs-7 had no effect in embryos treated with tal Table S2 on the Cell website). The rgs-7 mutation had no effect on the reduced movements of the posterior spindle pole seen in lin-5 RNAi embryos, analogous to severed rgs-7 mutant embryos, there was no significant the absence of an effect of the rgs-7 mutation in gprchange in movement of the posterior pole compared to 1/2 and ric-8 RNAi embryos. However, the rgs-7 mutathat of spindle-severed control embryos, but the rate of tion did significantly increase the anterior movement of anterior pole movement was decreased by almost 50% the anterior spindle pole in these embryos, an unex- (Figure 4) . Thus, rgs-7 zygotes had significantly depected effect, since our spindle-severing experiment creased force pulling on the anterior spindle pole, ex- ( Figure 3 . This and all other embryos analyzed in this figure carried the unc-20(e112) marker mutation, which was used to verify some genotypes and was included in the others for consistency. We found no effect of this marker on centrosome movements.
(C) Tracing of a representative rgs-7(vs92) embryo. (D-G) Tracings of representative embryos in which the indicated G protein cycle components have been inactivated by RNAi (upper panels)
or in which these RNAi treatments were combined with the rgs-7(vs92) mutation (lower panels). The rgs-7 mutation increased centrosome movements in the wild-type background but had no effect in G␣, gpr-1/2, or ric-8 RNAi-treated embryos. These results are consistent with the model in (A), which predicts that, when G␣ or its activators are absent, preventing production of G␣·GTP, RGS-7 should have no effect.
be kinetochore microtubules at the onset of mitosis, was prebound to [␥- Figure 5A predicts that RIC-8 stimulates RGS-7 as in its presence, demonstrating that the effect the nucleotide exchange activity of G␣ to allow it to bind of RGS-7 is to stimulate the rate and not the extent of GTP and that RGS-7 activates GTP hydrolysis by G␣ to GTP hydrolysis by GOA-1. drive it to the GDP bound form. To test these hypotheThese results are consistent with the Figure 5A model, ses, we expressed and purified recombinant GOA-1, in which RIC-8 acts to generate G␣·GTP and RGS-7 RIC-8, and an RGS domain fragment of RGS-7 (Figure uses its GTPase activation activity to return G␣ to its 7A) and used these proteins for in vitro activity assays.
GDP bound form. We found that purified RIC-8 acted as a nucleotide exchange factor to increase the rate of GTP binding by the G␣ protein GOA-1 ( Figure 7B ). Purified GOA-1 bound Discussion to unlabeled GDP was mixed with radiolabeled GTP␥S, a nonhydrolyzable GTP analog, in the presence or abDifferent RGS Proteins Regulate G␣ o for Its Different Biological Functions sence of purified RIC-8. The rate at which unlabeled GDP was released by GOA-1 and replaced by labeled G␣ targets and functions had previously been assigned to four C. elegans RGS proteins, and, by knocking out GPT␥S was measured. GOA-1 showed a low rate of spontaneous nucleotide exchange that was dramatithe remaining nine RGS genes, we have identified the function of a fifth, RGS-7. Of the five RGS proteins that cally stimulated by the addition of RIC-8.
We also found that the RGS domain of RGS-7 stimunow have assigned functions, four act to inhibit the G␣ o protein GOA-1 (Koelle and Horvitz, 1996; Hajdu-Cronin lated the GTPase activity of GOA-1 using a single-turnover GTP hydrolysis assay ( Figure 7C). Purified GOA-1  et al., 1999; Dong et al., 2000) . In addition to controlling uted RGS-7 is asymmetrically active. Interestingly, LET-99 contains a DEP (dishevelled/EGL-10/pleckstrin) hoThus, all models proposed for the receptor-independent G protein cycle include the existence of a G␣·GDP/ mology domain similar to that found in a number of RGS proteins, including the EGL-10 RGS protein that GPR complex.
We identified RGS-7 as a protein that controls spindle regulates GOA-1 in adult neurons. In the case of EGL-10, the DEP and RGS domains are both required for positioning and found that its RGS domain has GTPaseactivating activity on the G␣ protein GOA-1. We also function and can be expressed on separate polypeptides to give full activity in vivo (Patikoglou and Koelle, found that RIC-8 can catalyze GTP binding by GOA-1 via a nucleotide exchange activity similar to that of its 2002). It is possible that the asymmetrically distributed LET-99 protein interacts with RGS-7 to produce asymmammalian homolog (Tall et al., 2003) . These results strongly favor models like that shown in Figure 5A , in metrical activity of RGS-7. which the receptor-independent G protein cycle is completed by the G␣ proteins passing through the GTP RGS-7 May Be a G Protein Effector that Generates bound state. Although our results show that RIC-8 can Limited Force catalyze nucleotide exchange by GOA-1·GDP, we have Two fundamental issues remain unresolved regarding yet to test its ability to catalyze exchange on a GOA-1· the receptor-independent G protein cycle that controls GDP/GPR complex, the actual RIC-8 substrate prespindle force. First, the identity of the active G protein dicted in our model. species remains unclear. In several models, the G␣· GDP/GPR complex is the active species ( Our spindle-severing experiments demonstrate that to conflict with models in which G␣·GTP is the active species that promotes force. On the other hand, RIC-8 mutating rgs-7 affects force on the anterior but not posterior spindle pole. This is the first experimental demoncan catalyze production of G␣·GTP, and removal of RIC-8 results in reduced spindle movements (Miller and Rand, stration that any G protein signaling component has an asymmetric effect on spindle forces. Our results demon-2000; this work) that can most simply be explained by reduced forces on the spindle. These results support strate that G proteins use a different mechanism to promote force at the two spindle poles. An RGS-7-indepenmodels in which G␣·GTP is the active species. One way to resolve the paradox would be to hypothedent G protein mechanism must act to generate force at the posterior pole, resulting in the greater force obsize that G␣·GDP/GPR is the active species that promotes force, and the reduced spindle movement defects served at that pole.
Previously In addition to its RGS domain, RGS-7 contains a conAlthough RGS-7 asymmetrically affects spindle force, we did not observe an asymmetric distribution of RGSserved C2 domain that could function as an effector to
